Several large in-situ soil moisture-monitoring networks currently exist over seasonally frozen regions that may have use for the validation of remote sensing soil freeze/thaw (F/T) products. However, further understanding of how the existing network instrumentation responds to changes in near surface soil F/T is recommended. This case study describes the results of a small plot-scale (7 × 7 m) study from November 2013 through April 2014 instrumented with 36 impedance probes. Soil temperature and real dielectric permittivity (ϵ 0 r ) were measured every 15 minutes during F/T transition periods at shallow soil depths (0-10 cm). Categorical soil temperature and real dielectric permittivity techniques were used to define the soil F/T state during these periods. Results demonstrate that both methods for detecting soil F/T have strong agreement (84.7-95.6%) during the fall freeze but weak agreement (53.3-60.9%) during the spring thaw. Bootstrapping results demonstrated both techniques showed a mean difference within ±1.0 W C and ±1.4 ϵ 0 r between the standard 5 cm below surface measurement depth and probes at 2, 10 and integrated 0-5.7 cm depths installed within the same study plot. Overall this study demonstrates that the Hydra Probe offers promise for near surface soil F/T detection using existing soil moisture monitoring networks particularly for the fall freeze.
INTRODUCTION
The seasonal occurrence of vadose zone soil freezing and thawing (F/T) has a major control on land-surface hydrology and climate over seasonally frozen regions (Hayashi ) . response to non-frozen soils is strongly influenced by the dielectric permittivity (ε r Ã) which is directly related to 20 W C and frequency 50 MHz-5 GHz) held in near-surface soil layers and is distinct from air (ε r Ã ¼ 1) or dry soil media (ε r Ã ¼ 3À5) (Ulaby et al. ; Seyfried & Murdock ) . As liquid soil water content freezes the free rotation of water molecules is impeded and ε r Ã is reduced to resemble that of dry soil. This dramatic change in dielectric permittivity can be observed in radar measured backscatter intensities and radiometer measured brightness temperatures (Wegmuller ) . NASA's L-band (1.41 GHz) Soil
Moisture Active Passive (SMAP) mission is producing daily binary F/T classification of near-surface soils (depth <5 cm) for land areas north of 45N (Entekhabi et al. ) . The target accuracy of the SMAP F/T product is 80% (Dunbar et al. ) . Because the SMAP radar experienced a major anomaly in July 2015, F/T retrievals will continue to be produced from the radiometer data stream at a coarser spatial resolution of 36 kilometers.
With the launch of SMAP, extensive post-launch validation is necessary for confirmation of the satellite's F/T product in order to achieve the mission's accuracy target.
A review of F/T studies suggests that remote sensing validation is typically conducted using many different techniques such as frost tubes (Rautiainen et This allows for soils to be classified into a binary F/T state which then can be compared to the satellite retrievals. The second, slightly less common approach uses soil moisture probes which measure the dielectric permittivity of a soil volume. These devices consider the soil freeze/thaw state based on the distinct decrease and increase in the dielectric permittivity of the soil measured during the freezing and thawing process (Watanabe & Wake ) . r is the focus of this study since ε r is a loss term and not typically reported.
The accuracy of real (ε 0 r ) dielectric measurements is ±0.5 or ±1% (whichever is greater), although the instrument is known to show a high degree of precision as documented in a study by Seyfried & Murdock () .
The Hydra Probe measures soil temperature from two different thermistors. A diode thermistor is located inside the head of the instrument while the other is on the exposed faceplate of the instrument. The thermistor located inside the casing of the instrument was not included in the study as it is less representative of true soil temperature since the thermistor is not in direct contact with the soil and is not commonly logged in the large-scale Canadian soil monitoring networks. Instead, temperatures in this study are measured from the thermistor on the faceplate of the Hydra Probe. These measurements are internally calibrated and do not require further processing. The accuracy of these temperature data is reported to be ±0.6 W C (Stevens Water Content Monitoring ).
Numerous field and laboratory studies have been conducted to describe reliability and calibration of the Hydra 
Site instrumentation
A total of nine Hydra Probe measurement profiles were randomly distributed within the 7 × 7 m footprint, each consisting of four Hydra Probes (Figure 1) . At each profile, three Hydra Probes were installed horizontally (H) in the soil at depths centered at 2, 5 and 10 cm below ground recording an integrated soil measurement from 0.5-3.5, 3.5-6.5 and 8.5-11.5 cm below ground respectively. The In order to compare soil temperature and real dielectric approaches for F/T detection, individual probes were classified categorically into a binary frozen or thawed state. Real dielectric data were also used to classify soils as frozen or thawed using a modified seasonal threshold algorithm described in McDonald & Kimball () . The modified algorithm compares the time sequence of real dielectric measurements to seasonal reference states of frozen and non-frozen soil conditions for the identification of temporal changes in dielectric permittivity that occur as the soils transition between mainly frozen and non-frozen conditions. The modified seasonal threshold algorithm (Equation (1)) was used where Δ(t) is a dimensionless scale factor, ε 0 r (t) is the real dielectric at time (t), ε r 0 fr is the average real dielectric of frozen soil and ε r 0 th is the average real dielectric of thawed soil.
The average real dielectric of thawed soil was determined during a week in early November 2013 when average air temperatures were 6.3 W C and soil temperature at 2 cm was 5.3 W C.
Similarly, the real dielectric frozen reference was taken during two weeks in December 2013 when air temperature was À10.4 W C and soil temperature at 2 cm was À0.5 W C. For this study, average real dielectric of frozen and thawed soils were found to be 5 and 14, respectively. These are very similar to thresholds of frozen and thawed real dielectric values found for sand in Watanabe & Wake (). Next the scale factor was then used to classify soils as frozen or thawed relative to a threshold (T ) using Equation (2).
To optimize the F/T threshold (T ) using the scale factor Δ (t), an iterative approach was used where the threshold value (T ) was increased by 0.05 between 0.1 and 0.9. This optimization was conducted for the duration of both transition periods using the footprint averaged soil temperature. More specifically, the binary F/T state produced by the given value of T was then compared to the soil temperature (0 cm) F/T state allowing for a percent accuracy to be calculated. The threshold with the highest overall accuracy for the combined soil depths was then chosen. For this study, the best matched Upon classifying all Hydra Probe soil measurements as frozen or thawed using the soil temperature and real dielectric approaches described above, a percent frozen statistic was computed using Equation (3) 
RESULTS AND DISCUSSION

Summary of data collected over study period
The plot-scale measured variables are summarized in ( Figure 2(a) ). Prior to December 15 a shallow and variable snow pack (<10 cm) was observed. Except for several short periods, the air temperature was consistently below 0 W C from November 22 to March 26. Figure 2(a) illustrates the similarity in diurnal and seasonal patterns of temperatures between the air temperature and Campbell thermistors installed in the soil at 0 and 2.5 cm depths before the onset of snow and following snowmelt (Figure 2(a) ). Soil temperature measurements were relatively static during periods of snowcover, with temperature values hovering at or just below 0 W C.
The Hydra Probe soil temperature initially matched air temperature fluctuations until approximately November 24 when a shallow snow cover of ∼10 cm developed and soil temperatures became less variable. This trend continued until December 5 when a short melting period eliminated snow cover. From December 6 onward, soil temperature at 0, 2 and 5 cm dropped below 0 W C for a continuous period (Figure 2(b) ). The vertically installed Hydra Probe Figure 3(a) ).
Comparison of soil temperature and real dielectric approaches Significant ( p < 0.01) correlation (r) results in the fall demonstrated a strong relationship of 0.727, 0.761, 0.714 and 0.497 for the vertical, 2, 5 and 10 cm probes between the soil temperature and real dielectric measurements (Table 1) . However, during the spring thaw, correlations showed weak to no relationship between parameters with correlations of 0.332, 0.103, 0.413 and À0.260 for the vertical, 2, 5 and 10 cm probes respectively.
Results comparing soil temperature and real dielectric approaches for detecting frozen soils are shown in Figure 4 for the freeze and thaw periods. During the fall freeze, both the soil temperature and real dielectric approaches show a 76.7-95.6% agreement for the four probe depths, with the strength of this agreement weakening as soil depth increases. The highest agreement in the F/T signal is 95.6% in the 2 cm soil depth followed by 93.6% and 84.7% in the 5 and 10 cm horizontal probes. From Figure 4 it is also clear that the soil temperature approach reacts slightly sooner to short (typically diurnal) F/T cycles. Of note, in Figure 4 (a) the integrated real dielectric measure (0-5.7 cm) and the 0 cm temperature show the lowest level of agreement (76.7%) which is likely associated with the depth discrepancy of the measurements.
The agreement between detection methods is considerably weaker in the spring, with agreement ranging between 53.3% and 60.9%. As in the fall, it is again clear that short episodic freeze/thaw cycles were detected using the soil temperature method but are missed by real dielectric measurements. Additionally, it can be seen that the soil temperature method also shows a strong agreement between stations, indicating soils to be consistently frozen until April 9. Interestingly, it is clear that the real dielectric approach indicates that the ground may not be as thoroughly frozen as the temperature approach suggests. This onset of thawing registered by the real dielectric approach is likely a result of During the fall freeze it is evident that both detection methods show a strong agreement across all soil depths.
This finding suggests satellite F/T validation may be more robust during the fall freeze using both of these approaches. However, the results show a poor agreement All correlations significant to p < 0.01. in F/T signal between the methods during the spring thaw.
This lack of agreement underscores that it may be particu- Mean differences between Hydra Probe measurements relative to 5 cm depth Figure 5 shows the mean difference in soil temperature between the 0, 2 and 10 cm probes relative to the shallowest network standard depth of 5 cm. During the fall freeze a mean difference of 1.0 W C, 0.3 W C and À0.7 W C was noted between the vertical, 2 and 10 cm probes relative to the network standard 5 cm. Conversely, in the spring period these trends are reversed. This is denoted by a mean difference of À0.4 W C, À0.5 W C and 0.1 W C respectively. The soil temperature bootstrapping results shown in Figure 5 indicate that soil temperatures are relatively homogenous throughout the small-scale 7 m × 7 m plot, though it was apparent that there are slight variations in soil temperature with depth.
Comparisons between individual stations and the plot average show that 20/21 and 21/21 stations were within the soil temperature confidence interval during the fall freeze and the spring thaw respectively ( Figure 5 ). It was also evident that soil temperatures were slightly more variable during the spring thaw, denoted by the larger confidence interval.
Overall, the mean differences during both transition periods were all within ±1 W C with the majority of differences well inside the sensor resolution of ±0.6. This homogenous nature of soil temperature across meter-scale study plots has also been noted in Iwata et al. () .
Results from the real dielectric bootstrapping found a mean difference of À0.7, À0.1 and À1.4 ε 0 r during the fall freeze and 0.8, À1.2 and 0.7 ε 0 r during the spring thaw between the vertical 0-5.7, 2 and 10 cm probes relative to the shallowest network standard depth of 5 cm. This finding suggests that the mean differences in real dielectric measurements from different layer depths are slightly greater than the instrument resolution (ε 0 r ± 0.5 or 1%). It is also apparent from Figure 6 that individual stations show a larger spread relative to the plot average, which suggests that the real dielectric measurements were more variable compared to measured soil temperatures. This is documented during both transition periods where 14 of 21 stations were within the real dielectric confidence interval of the plot average (black and orange stations in Figure 6 ). It is also clear that the real dielectric was more variable during the spring period, signified by the greater spread between individual stations and the plot average. This finding is also confirmed in Figure 3 A comparison between the 5 cm network standard probe depth and the vertical (0-5.7) and 2 cm probes for both the soil temperature versus real dielectric techniques for identifying soil F/T dates showed a difference in the timing of soil freezing in the near surface (0-5.7 cm). It was found that the network standard 5 cm horizontal probe may result in the potential misrepresentation of near surface F/T status during the fall freeze by up to 3 days if validating with temperature data, and up to 11 days if validating with real dielectric measurements.
Future work should explore this issue in more detail as it remains unclear if this temporal discrepancy also occurred during the spring thaw, as a clear F/T signal was not as obvious. 
CONCLUSIONS
This research has a number of key implications for the insitu validation of microwave remote sensing F/T products using the Hydra Probe. Chiefly, the study suggests that both the soil temperature and real dielectric techniques for detecting F/T are reasonably effective during the fall freeze. It is also apparent that during the spring transition period a discrepancy in F/T signal was noted between the methods. This likely means that satellite validation of soil F/T state will be more uncertain during the spring period using the Hydra Probe, especially with the presence of an overlying wet snow which is likely a source of liquid water in the upper layers of the soil surface, even during periods below 0 W C soil temperatures. The results of the study also suggest that the real dielectric measurements were slightly more spatially variable than the soil temperature measurements in the footprint. Results from the bootstrapping analysis also show a mean difference of within ±1.0 W C and ±1.4ε 0 r for both soil temperature and real dielectric between the 5 cm horizontal and the 0-5.7, 2 and 10 cm instrument depths, suggesting that the use of the 5 cm network standard depth may result in a small bias in nearsurface F/T status. Overall, findings from this study demonstrate that the Hydra Probe offers promise for use in remote sensing soil F/T product validations/calibrations, though Figure 6 | Real dielectric bootstrapping results computed for stations one to nine for (a and b) 5 vs 0 cm, (c and d) 5 vs 2 cm and (e and f) 5 vs 10 cm in addition to the footprint (red) during the freeze (left column) and thaw (right column) periods. The rectangles and black vertical lines correspond to the bootstrapping mean and confidence interval of individual stations. The confidence interval of the footprint is denoted above by the shaded gray regions. Please refer to the online version of this paper to see this figure in color: http://dx.doi.org.10.2166/nh.2017.183.
